The exit of a stem cell out of quiescence into an activated state is characterized by major metabolic changes associated with increased biosynthesis of proteins and macromolecules. The regulation of this transition is poorly understood. Using muscle stem cells, or satellite cells (SCs), we found that autophagy, which catabolizes intracellular contents to maintain proteostasis and to produce energy during nutrient deprivation, was induced during SC activation. Inhibition of autophagy suppressed the increase in ATP levels and delayed SC activation, both of which could be partially rescued by exogenous pyruvate as an energy source, suggesting that autophagy may provide nutrients necessary to meet bioenergetic demands during this critical transition from quiescence to activation. We found that SIRT1, a known nutrient sensor, regulates autophagic flux in SC progeny. A deficiency of SIRT1 led to a delay in SC activation that could also be partially rescued by exogenous pyruvate. These studies suggest that autophagy, regulated by SIRT1, may play an important role during SC activation to meet the high bioenergetic demands of the activation process.
Introduction
Macroautophagy, hereafter referred to as autophagy, is a homeostatic process with dual functions as a cellular quality control mechanism and a recycling system (Mizushima & Komatsu, 2011; Singh & Cuervo, 2011) . Double-membraned structures engulf cytoplasmic components into vesicles called autophagosomes that later fuse with lysosomes to break down their contents from which amino acids and other degradation products may be recycled for protein synthesis or for the tricarboxylic acid (TCA) cycle to generate energy (Ravikumar et al, 2010; Yang & Klionsky, 2010) . In this way, autophagy can protect cells against nutrient stress (Mizushima & Komatsu, 2011) . Nitrogen-starved yeast, for example, induce autophagy to produce amino acids to maintain viability (Onodera & Ohsumi, 2005) . Similarly, lymphocytes subjected to growth factor deprivation that prevents nutrient uptake activate autophagy to survive (Lum et al, 2005) . Autophagy can also safeguard against nutrient deprivation at the organismal level, as studies have shown that mice rely on autophagy to survive the neonatal starvation period (Kuma et al, 2004; Komatsu et al, 2005) .
More recent studies have demonstrated that autophagy also serves as an adaptive response to many other stressors including intense exercise, ER stress, infection, hypoxia, and oxidative stress (He & Klionsky, 2009; Kroemer et al, 2010; He et al, 2012) . For example, autophagy responds to oxidative stress by removing damaged mitochondria (Wen et al, 2013) . Furthermore, autophagy can also eliminate intracellular pathogens, such as viruses and bacteria (Yano & Kurata, 2011) . Interestingly, autophagy may also facilitate the immune response to infection, as resting T cells in which autophagy is inhibited cannot activate (Hubbard et al, 2010) . Blocking autophagy would therefore hinder the ability of a cell to respond to stress.
Stem cells depend on intact autophagic machinery for the maintenance of states, characteristics, and processes that underlie stem cell functions. When autophagy is inhibited, defects in quiescence, differentiation, and self-renewal have been reported (Guan et al, 2013; Phadwal et al, 2013) . It has been proposed that long-lived stem cells that rarely divide rely on autophagy to remove damaged proteins and organelles for the maintenance of quiescence (Guan et al, 2013) . This is supported by findings that HSCs that accumulate mitochondria and reactive oxygen species fail to maintain quiescence when blocked for autophagy (Liu et al, 2010; Mortensen et al, 2011) . Additionally, autophagy can selectively dispose of proteins and organelles that can inhibit normal differentiation and self-renewal of stem cells (Mortensen et al, 2010 (Mortensen et al, , 2011 Mizushima & Komatsu, 2011) .
While the autophagic removal of damaged or extraneous cellular components has been shown to be necessary for the maintenance and function of stem cells, the contribution of autophagy to the metabolic needs of stem cells has been less well studied. Pathways and molecules that sense and regulate cellular energy status, however, have been well documented to influence stem cell function (Rafalski & Brunet, 2011; Folmes et al, 2012) . Manipulations of the mTOR pathway, for example, have been reported to perturb pluripotency, proliferation, differentiation, and self-renewal of stem cells (Murakami et al, 2004; Chen et al, 2008; Sampath et al, 2008; Zhou et al, 2009; Easley et al, 2010) . Since downstream targets of these metabolic pathways include components of the autophagic machinery, the significance of the bioenergetic contributions from autophagy in stem cell function has yet to be directly tested.
Stem cells activating out of quiescence to generate proliferating progeny that will differentiate or self-renew encounter different bioenergetic requirements at each juncture (Folmes et al, 2012) . One crucial bioenergetic hurdle occurs during activation. Quiescent stem cells, characterized by their low metabolic state and lower mitochondrial content and activity, must meet a high demand for energy, reducing cofactors, and amino acids needed to support cellular growth during activation (Lunt & Vander Heiden, 2011; Hsu & Qu, 2013) . It is known that quiescent hematopoietic stem cells (HSCs) generate ATP primarily through glycolysis rather than the more productive oxidative phosphorylation (Mantel et al, 2010; Simsek et al, 2010; Miharada et al, 2011; Suda et al, 2011) . The level of ATP production in a quiescent state may be insufficient during stem cell activation and may activate nutrient sensors that mediate cellular metabolic homeostasis. Identifying those mediators would enhance our understanding of the metabolic contribution to the regulation of stem cell activation.
In this report, we studied the role of autophagy in the activation of muscle stem cells, or 'satellite cells' (SCs), from the quiescent state into the cell cycle. SCs, which are responsible for the regenerative capacity of skeletal muscle (Brack & Rando, 2012; Yin et al, 2013) , exist primarily in the quiescent state until they receive signals to activate in order to begin proliferating. We found that autophagic flux is induced as quiescent SCs (QSCs) activate and proceed to enter the cell cycle and that inhibition of that flux leads to a delay in the activation process. SC activation is associated with a large increase in cellular ATP, an increase that is suppressed when autophagy is inhibited. Both delayed SC activation and suppressed ATP increases by inhibition of autophagy could be partially rescued by providing SCs with an exogenous energy source in the form of the nutrient pyruvate. This suggests the possibility that autophagy may degrade cellular components in order to provide substrates for energy generation during SC activation. Consistent with this hypothesis, we also show that SIRT1, a key nutrient sensor, modulates autophagic flux during SC activation and that knocking out sirt1 in SCs results in a phenotype similar to that observed when autophagy is inhibited. Together, these data suggest a model in which the metabolic demands of SC activation are sensed by SIRT1 which in turn activates the autophagic machinery in order to generate nutrients that are essential for the generation of ATP to support that enormous increase in synthetic activity associated with the activation process.
Results

Autophagic flux is induced during SC activation
To determine whether autophagy is induced in SCs during the process of muscle regeneration, we used LC3-GFP transgenic mice, in which an integral protein in autophagosome formation, LC3, is tagged with GFP . We examined LC3 expression in QSCs in uninjured muscle and in ASCs and SC progeny (i.e., proliferating cell populations derived from activated SCs) between 1.5 and 5 days after the induction of activation by muscle injury. LC3 was not detectable in QSCs but was detectable early during SC activation and remained elevated during the phase of proliferative expansion of SC progeny (Fig 1A) . We also analyzed LC3 expression by immunohistochemical analysis with an LC3B antibody in muscles of Pax7
CreER/+ ; ROSA eYFP/+ mice (Srinivas et al, 2001; Nishijo et al, 2009) , in which tamoxifen treatment marks SCs with an enhanced yellow fluorescent protein (eYFP) reporter, and confirmed that SCs expressed LC3 by 1.5 days after injury (Supplementary Fig  S1A) . By 5 days after injury, as self-renewal, characterized as Pax7 + /MyoD À , is occurring for many SC progeny that have not already initiated the differentiation process (Wang & Rudnicki, 2012) , LC3 was no longer detectable in those cells ( Fig 1A; Supplementary Fig S1B) . These observations suggest that autophagy is induced in SCs during activation from the quiescent state. Because QSCs in situ are small and compact with little cytoplasm for the detection of autophagosomes, we confirmed the induction of autophagy by assessing autophagic flux in QSCs from uninjured LC3-GFP mice and in ASCs and SC progeny from injured LC3-GFP mice. We isolated these cells to a purity of~98% by fluorescenceactivated cell sorting (FACS) Liu et al, 2013) ( Supplementary Fig S2) . We have demonstrated, based on detailed transcriptional analyses, that this FACS scheme allows us to purify QSCs and ASCs . We treated both QSCs and ASCs in vitro with an inhibitor of autophagy, chloroquine (CQ), for 2 h to allow the accumulation of autophagosomes that appear as GFP + punctae (Mizushima et al, 2010) . QSCs showed no detectable autophagic flux (only diffuse LC3 expression), whereas more than half of the ASCs showed an induction of autophagic flux within 1.5 days after injury (Fig 1B and C) . That proportion increased to more than 80% in SC progeny by 2.5 days after injury ( Fig 1C) . Moreover, ASCs from wild-type (WT) mice showed an increase in the lipidated, membrane-bound form of LC3b, LC3b-II, in response to CQ treatment (Fig 1D and E ). These data demonstrate that autophagic flux increases during SC activation in vivo.
We found further evidence for induction of autophagy during SC activation by examining fiber-associated SCs in fiber explants ex vivo (Brack et al, 2007; Boutet et al, 2012) . Single muscle fibers were isolated from LC3-GFP mice and allowed to activate in culture over the course of 48 h in the presence of EdU, which we use to identify the final stage of SC activation during which they enter the cell cycle. We assessed autophagic flux at 12-h intervals by treating fibers for 2 h with CQ prior to fixation. Autophagic flux was not detected in SCs during the first 12 h in culture with CQ treatment (Supplementary Fig S3A) . Within the next 12 h, as ASCs were just beginning to enter the cell cycle (Supplementary Fig S3B) , an increase in autophagic flux could already be detected in just over 5% of the SCs (Fig 2A-C) . That percentage dramatically increased to > 80% over the following 24 h (Fig 2C) . Notably, autophagy was induced in ASCs that had not initiated DNA synthesis and hence had not entered the cell cycle; only about two-thirds of the ASCs with induced autophagy after 36 h were EdU positive (Fig 2C) . These data confirm that autophagy is 
Inhibition of autophagy leads to a delay in SC activation
To determine the functional significance of the increase in autophagic flux during SC activation, we tested the effect of inhibiting autophagy during ex vivo activation of fiber-associated SCs and in vitro activation of QSCs. Autophagic flux increases in isolated QSCs just as it does during ex vivo activation of fiber-associated SCs (Fig 3A-C ; Supplementary Fig S4A and B) . Administration of CQ or 3-methyladenine (3-MA), chemical inhibitors at two different stages of the autophagic process (Klionsky et al, 2008; Mizushima et al, 2010) , inhibited SC activation, measured as a reduction of the number of SCs entering the cell cycle, in fiberassociated SCs ex vivo and sorted SCs in vitro from WT mice ( Fig 3D) . In addition, we blocked autophagy more specifically with siRNAs against atg5 and atg7, essential genes of the autophagic pathway (Kuma et al, 2004; Komatsu et al, 2005) . We confirmed that this led to a reduction in transcript levels for these two genes ( Supplementary Fig S5A) , a lower autophagic flux ( Supplementary Fig S5B) , and an inhibition of SC activation ( Fig 3E) . To rule out the possibility that inhibition of autophagy either by pharmacological or siRNA treatment caused irreversible cell cycle arrest, we cultured the SCs for an additional 12 h after inhibitor or siRNA treatment and found that the cumulative measure of cell cycle entry was not significantly affected (Supplementary Fig S5C) . This indicates that the inhibition of SC activation observed at 24 h was not due to a permanent cell cycle arrest but rather to a delay in activation. We also confirmed with antiactive-caspase-3 staining that atg5/7 siRNA-transfected SCs were not prone to cell death ( Supplementary Fig S5D) . To further confirm the results of delayed activation due to pharmacologic or siRNA inhibition of autophagy, we genetically knocked out atg5 in SCs using a mouse transgenic for a SC-specific, tamoxifen-inducible Cre ER allele and homozygous for floxed atg5 alleles (Hara et al, 2006; Nishijo et al, 2009 ). Because autophagy may have an additional role in clearing damaged proteins and organelles in long-lived quiescent stem cells (Guan et al, 2013) , we performed an acute knockout of atg5 to observe only the short-term effects of inhibiting autophagy during SC activation. We first confirmed that recombination in the atg5 locus had occurred ( Supplementary   Fig S5E) . Similar to pharmacologic inhibition of autophagy and by atg5 and atg7 siRNA transfection, acute genetic deletion of atg5 likewise led to a delay in DNA synthesis in fiber-associated SCs and sorted SCs (Fig 3F) . We conclude from these data that the increase in autophagic flux is essential for normal activation kinetics of quiescent SCs. Since DNA synthesis is a late component of the process of SC activation, we investigated cell cycle proteins governing the progression through the G1/S checkpoint. An increase in cyclin A, cyclin E, and phosphorylated retinoblastoma protein (Rb) and a decrease in p27 levels are among the changes typically observed during this progression (Morgan, 1997; Lundberg & Weinberg, 1998) . We found that SCs transfected with atg5/7 siRNAs had lower levels of cyclins A and E and phospho-Rb but higher levels of p27 relative to control SCs ( Supplementary Fig S6) . These data show that inhibition of autophagy impacts cell cycle entry prior to S phase for SCs activating out of quiescence.
Autophagy contributes bioenergetically to the process of SC activation
Since one role of autophagy is to produce energy by catabolizing intracellular contents (Rabinowitz & White, 2010) , we reasoned that autophagy may support the cellular energy demands occurring during the activation process. It has been shown that quiescent HSCs have lower mitochondrial content and activity than fastcycling HSCs or hematopoietic progenitors and generate energy primarily through glycolysis, whereas increased ATP production and mitochondrial membrane potential are associated with progression through the G1 phase of the cell cycle (Schieke et al, 2008; Folmes et al, 2012) . This increase in oxidative metabolism is necessary to fuel increased biosynthesis for DNA replication as well as transcriptional and translational processes to support cell growth prior to cell division (Lunt & Vander Heiden, 2011) . Recently, we reported the identification of an alert phase of the quiescent state, termed G Alert , in which SCs, though still quiescent, have higher mitochondrial activity and correlatively larger cellular volume than QSCs in G0 (Rodgers et al, 2014) . We therefore compared mitochondrial activity, ATP content, and cellular volumes in QSCs, ASCs, and SC progeny. MitoTracker labeling was about 5-and 10-fold higher in ASCs and SC progeny, respectively, reflecting a significant increase in mitochondrial activity compared with QSCs ( Fig 4A and B) . A Immunostaining of cryosections from tibialis anterior (TA) muscles of LC3-GFP mice to detect LC3 expression. Arrows indicate SCs in resting muscle ('uninjured'; top row) and ASCs and SC progeny in injured muscles 1.5 days (second row) and 2.5 days (third row), respectively, after injury. Arrows and dotted circles indicate selfrenewing (i.e., Pax7 + /MyoD À ) SCs 5 days after injury (bottom row). LC3 is expressed in ASCs and SC progeny but not in quiescent SCs (or in self-renewing SCs). In uninjured fibers, LC3 is expressed at a low, diffuse level that becomes elevated from 2.5 to 5 days after injury. Scale bar: 30 lm. B Autophagic flux in SCs, ASCs, and SC progeny freshly sorted from uninjured and injured lower hindlimbs of LC3-GFP mice. To test for changes in autophagic flux, QSCs, ASCs, and SC progeny were sorted by FACS to a purity of~98% from uninjured muscles and from 1.5 or 2.5 days after injury, respectively. Cells were plated onto chamber slides and treated in vitro with chloroquine (CQ) or control vehicle for 2 h prior to fixing. GFP punctae, indicative of autophagosomes, accumulate upon CQ treatment and reflect autophagic flux. The punctae are indicated by arrows. Scale bar: 16 lm. C Percentage of SCs with induced autophagic flux (IAF). LC3-GFP punctae were counted from replicate experiments illustrated in (B); those with greater than three punctae are considered to have induced autophagic flux (*P < 0.05; **P < 0.01). D Western blot analysis of SCs from WT mice. FACS-sorted SCs and ASCs from uninjured muscle or from muscle 1.5 days after injury, respectively, were plated and treated with CQ for 2 h in vitro. Western blots of cell lysates were probed with anti-LC3B and anti-b-actin antibodies. E Quantification of autophagic flux. The intensities of bands for LC3B-II in three independent Western blot analyses, of which Fig 3D is a representative, were first normalized to levels of GAPDH, and then ratios of the intensities of +CQ to -CQ conditions were calculated for each time point (*P < 0.05).
Source data are available online for this figure.
Ann H Tang & Thomas A Rando Autophagy in satellite cell activation The EMBO Journal ATP levels, too, increased with SC activation, with ASCs and SC progeny exhibiting 10 and 100 times greater levels, respectively, than those in QSCs ( Fig 4C) . Cellular size, as determined by relative cell volume, increased by 1.4 and 2.7 times in ASCs and SC progeny, respectively, compared to that of QSCs ( Fig 4D; Supplementary Fig  S7) . These data confirm that cellular metabolism increases during activation, with ATP levels increasing in far greater proportion than cell volume. Since ATP content in ASCs is much greater than in QSCs, we next tested whether autophagy contributes to this increase. We inhibited autophagy in freshly isolated QSCs with atg5 and atg7 siRNAs and found a reduction in the increase in their ATP content during activation ( Fig 5A) . We therefore conclude that autophagy serves to provide bioenergetic resources to SCs undergoing activation from the quiescent state. To test whether the delay in QSC activation by inhibition of autophagy can be attributed to insufficient energy levels, we blocked autophagy in freshly isolated QSCs and fiber-associated SCs and supplemented the media with an exogenous metabolite, sodium pyruvate, as an energy source. We found that the delay in activation resulting from the siRNA transfections could be partially rescued by sodium pyruvate (Fig 5B) . Moreover, ATP levels in atg5/7 siRNAtransfected SCs could also be partially rescued by sodium pyruvate addition (Supplementary Fig S8) . These data suggest that the delay of SC activation that occurs when autophagy is inhibited is due to a failure in the generation of sufficient energetic resources necessary for the biosynthetic processes required for the activation process. A Induced autophagy in in vitro-activated SCs. QSCs were FACS-sorted from uninjured LC3-GFP mice and cultured for 24 h. The cultures were treated with CQ for 2 h at 12-h time points prior to fixing. Arrows indicate LC3-GFP punctae. Scale bar: 16 lm. B Percentage of SCs with IAF. LC3-GFP punctae were counted in SCs from replicate experiments as illustrated in (A); those with greater than three punctae were considered to have induced autophagy (*P < 0.05; ***P < 0.001). C Western blot analysis of QSCs and in vitro-activated SCs. Sorted QSCs were plated and treated in vitro with CQ for 2 h after 0 or 24 h (at which point they are ASCs) in culture. The Western blot was probed with anti-LC3B and anti-GAPDH antibodies. D Inhibition of SC activation by pharmacological inhibition of autophagy. Freshly isolated single fibers (left) or FACS-sorted QSCs (right) were cultured for 24 h in the presence of EdU and treated with CQ or 3-MA for 8 h prior to fixing. The percentage of cells positive for EdU was assessed. Control cultures were treated with no autophagic inhibitors (*P < 0.05; **P < 0.01). E Inhibition of SC activation by atg5 and atg7 knockdown. Freshly isolated single fibers (left) or FACS-sorted QSCs (right) were transfected with siRNAs against atg5 and atg7, cultured with EdU for 24 h, and assessed for EdU incorporation. Control cultures were transfected with cyclophilin B siRNA (*P < 0.05; ***P < 0.001). normalized to levels in QSCs from uninjured muscles (**P < 0.01). C Relative ATP contents of QSCs, ASCs, and SC progeny. QSCs, ASCs, and SC progeny were sorted from uninjured muscles or from muscles 1.5 or 2.5 days after injury, respectively. ATP contents were normalized to levels obtained from QSCs from uninjured muscles (*P < 0.05; **P < 0.01). D Cell volumes in ASCs and SC progeny versus QSCs. Volumes of QSCs, ASCs, and SC progeny were determined based on forward scatter from FACS analyses. Relative volumes were calculated from standard curves from beads of standard sizes (*P < 0.05; **P < 0.01). Figure 5 . Blocking autophagy leads to a bioenergetic deficiency during SC activation.
B A
A Decrease in ATP levels of ASCs after inhibition of autophagy. FACS-sorted QSCs were transfected with siRNAs against atg5 and atg7, cultured for 24 h to allow in vitro activation and at which point they are ASCs, and then collected for ATP assay. Control cultures were transfected with a negative control siRNA (*P < 0.05). B Partial rescue of delay in activation by addition of exogenous metabolite. Freshly isolated single fibers (left) and FACS-sorted QSCs (right) were transfected with siRNAs against atg5 and atg7 and cultured for 24 h with EdU and 20 lM sodium pyruvate. The samples were then assessed for EdU incorporation. Control cultures were transfected with a cyclophilin B siRNA (n.s., not significant; *P < 0.05).
The EMBO Journal Vol 33 | No 23 | 2014 ª 2014 The Authors signal for the induction of autophagy during SC activation. We hypothesized that SIRT1, which responds to metabolic changes and mediates the benefits of caloric restriction (Herranz & Serrano, 2010; Chalkiadaki & Guarente, 2012) , may regulate autophagic flux in SCs in response to increased energy needs during activation. In addition to its function in metabolism, SIRT1 has previously been shown to deacetylate a number of autophagy proteins in vitro and to modulate autophagic flux under starvation conditions (Lee et al, 2008; Hariharan et al, 2010) . In order to test whether SIRT1 could modulate the autophagic response in proliferative SC progeny, we used a small molecular inhibitor of SIRT1, EX-527 (Napper et al, 2005) , and found that it led to a dose-dependent decrease in autophagic flux (Fig 6A) . To confirm this, we examined autophagic flux in sirt1 À/À SC progeny obtained from mice transgenic for a SC-specific, tamoxifeninducible Pax7 CreER allele and homozygous for floxed sirt1 alleles (Li et al, 2007) . Administration of 4-hydroxytamoxifen leads to CRE-mediated recombination that excises exon 4 of sirt1, thus creating sirt1 À/À cells in the SC lineage. These cells also showed reduced autophagic flux by immunocytochemical staining and by Western blotting (Fig 6B and C) . To test whether loss of sirt1 affects autophagic flux during SC activation, we transfected siRNAs against sirt1 into SCs from LC3-GFP mice and found that this also decreased autophagic flux (Fig 6D; Supplementary Fig S9) . These data confirm that SIRT1 normally functions to induce autophagic flux during SC activation and in SC progeny. To quantify autophagic flux (right panel), the intensities of bands for LC3B-II from three independent Western blots were first normalized to levels of GAPDH, and then ratios of the intensities of +CQ to -CQ conditions were calculated for each time point (*P < 0.05). D Decrease in autophagic flux in in vitro-activated SCs resulting from sirt1 knockdown. Sorted QSCs from LC3-GFP mice were transfected with siRNAs against sirt1, cultured for 24 h, and treated with CQ. LC3-GFP punctae were counted, and cells with greater than three punctae were characterized as having induced autophagic flux (IAF). Control cultures were treated with a negative control siRNA (**P < 0.01).
Source data are available online for this figure. Because SIRT1 is a positive regulator of autophagic flux, we next tested whether loss of sirt1 would phenocopy the inhibition of autophagy with respect to QSC activation. We found that FACS-sorted and fiber-associated sirt1 À/À SCs were delayed in activation (Fig 7A) . We next tested whether this delay was due to a metabolic deficiency. We therefore stained sirt1 +/À and sirt1 À/À QSCs with MitoTracker and found that the latter had lower mitochondrial activity than the former (Supplementary Fig S10) . Supplementing the culture media with sodium pyruvate partially rescued the delay in activation in sirt1 À/À SC populations (Fig 7B) . Taken together, these results demonstrate that SIRT1 is necessary for the normal induction of autophagy during SC activation, a process that fulfills a bioenergetic need during this critical cellular transition. Clearly, however, a considerable degree of autophagy is induced even in the absence of SIRT1 (Fig 6C and D) , reflecting the fact that there are likely multiple parallel pathways of autophagy inductions and regulation.
Mechanism of SIRT1 regulation of autophagy in SCs
To investigate how SIRT1 may regulate autophagy, we first examined components of the autophagic machinery as potential targets of SIRT1. Lee et al (2008) had previously shown that SIRT1 interacts with and deacetylates ATG5, 7, and 8 in a nutrient-deprivation model using murine embryonic fibroblasts. To determine whether a similar mechanism occurs in SCs, we tested for endogenous protein-protein interactions between SIRT1 and ATG5 and ATG7 and found that SIRT1 indeed interacted with ATG7 but not with ATG5 ( Fig 8A) . Moreover, we found higher levels of acetylated ATG7 in sirt1 À/À SC progeny than in the sirt1 +/+ population (Fig 8B) , suggesting that SIRT1 deacetylates ATG7. These data also suggest that the regulation of autophagy by SIRT1 occurs at least in part through its interaction with ATG7. The absence of a physical interaction between SIRT1 and ATG5 in our studies suggests that our findings of delayed SC activation by conditional deletion of atg5 may be SIRT1 independent.
In another approach, we explored two metabolic pathways, the AMPK and mTOR pathways, that have been shown to link SIRT1 activity to the regulation of autophagy (Ghosh et al, 2010; Dunlop & Tee, 2013; Parzych & Klionsky, 2014; Hong et al, 2014; Ou et al, 2014) . When we knocked out sirt1 in SC progeny, AMPKa became hypophosphorylated, whereas the phosphorylation levels of mTOR targets, S6 and 4E-BP1, remained unchanged (Fig 8C) . These data suggest that SIRT1 may modulate autophagy in SCs through the AMPK pathway and support the hypothesis that autophagy is induced during SC activation in response to a relative lack of nutrient availability, contributing to the evidence that autophagy may genotypes in the SC lineage. Single fibers (left) and QSCs (right) sorted by FACS to a purity of~98% from these animals were cultured for 24 h in the presence of EdU. EdU incorporation was then determined (*P < 0.05). B Partial rescue of delay in activation by addition of an exogenous metabolite. sirt1 À/À and sirt1 +/À fiber-associated (left) and sorted QSCs (right) were obtained as in (A) and cultured with EdU and 20 lM sodium pyruvate. EdU incorporation was assessed after 24 h in culture (n.s., not significant; *P < 0.05). 
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Discussion
Our results demonstrate the importance of autophagy in SC activation. Autophagic flux appears to be too low to be detectable in QSCs, but increases along with ATP content occur during SC activation. Notably, the increased flux is detected at a time point when the majority of the cells have not yet entered the cell cycle. We show that inhibiting autophagy leads to a decrease in autophagic flux, a reduction in ATP content, and a delay in activation, suggesting a causal link between autophagic flux, bioenergetic status, and SC activation. That a partial rescue in the delay in activation can be achieved with sodium pyruvate confirms a bioenergetic requirement that autophagy may fulfill during activation. We also show that SIRT1, a known nutrient sensor, induces autophagic flux during SC activation and that its inhibition also causes a delay in SC activation.
Our findings parallel to those of Hubbard et al (2010) who demonstrated that autophagy produces energy required for another cellular process with a high bioenergetic demand, the activation of resting T cells in response to antigen recognition. Similar to our observations during SC activation, they detected an induction of autophagy after T-cell stimulation and showed that blocking autophagy leads to reduced ATP production and hinders T-cell activation, which can be rescued by exogenous pyruvate. Intriguingly, they observed a difference in autophagosomal cargo selection in resting and activated T cells, highlighting the importance of substrate specificity of autophagy in its quality control and energy production modes. Along these lines, the possibility that the role of substrate-specific autophagy in that study or in our study could involve the selective degradation of inhibitors of the activation processes has not been excluded.
Whereas several studies have demonstrated the importance of autophagy in the maintenance and function of stem cells (Guan et al, 2013; Phadwal et al, 2013) , none have specifically addressed stem cell activation from a quiescent state. One study in which atg7 Western blots were probed with an anti-ATG7 antibody (left panel). ATG7 bands from IP reactions on three independent Western blots were normalized to ATG7 input bands prior to calculating relative amounts of protein (right panel) (**P < 0.01). C Effect of loss of sirt1 on AMPK and mTOR pathways. Protein lysates from sirt +/+ and sirt À/À SC progeny were subjected to Western analysis and probed with antibodies against the phosphorylated and non-phosphorylated forms of AMPKa, S6, and 4E-BP1 proteins (left panel). Bands for phosphoproteins were normalized to bands for total protein prior to calculating relative amounts of phosphoproteins (right panel) (n.s., not significant; *P < 0.05).
Source data are available online for this figure. ª Martinez-Lopez et al, 2013) . Another recent study using an HSCspecific knockout of atg7 suggests that inhibition of autophagy may lead to a loss of quiescence (Mortensen et al, 2011) . Other studies perturbing metabolic pathways that may regulate autophagy show defects in the maintenance of quiescence. For example, knocking out Pten or TSC1 in HSCs de-represses the mTOR pathway, a major negative regulator of autophagy, and causes inappropriate proliferation (Yilmaz et al, 2006; Zhang et al, 2006; Gan et al, 2008) . A similar loss of HSC quiescence is seen in knockouts of FoxO1 or FoxO3 (Miyamoto et al, 2007; Tothova et al, 2007) , proteins which also function in promoting autophagy (Sengupta et al, 2009; Hariharan et al, 2010) . Because deletions of Pten or FoxO1, 3, and 4 also lead to a greater propensity for neural stem cells to enter the cell cycle (Groszer et al, 2006; Paik et al, 2009; Renault et al, 2009) , metabolic regulation may be a general mechanism governing stem cell quiescence. However, autophagy as a downstream effector of these pathways has not been reported.
Using multiple approaches, we show that the inhibition of autophagy does not lead to a loss of SC quiescence but rather delays the activation of these cells out of the quiescent state. Unlike previous studies which used genetic knockout approaches and analyses long after the gene deletions, we used pharmacological and siRNA approaches to inhibit autophagy acutely. As such, our studies were designed to avoid compensatory or secondary effects associated with chronic autophagy inhibition. Even in our conditional knockout studies of atg5, we examined the process of SC activation immediately after gene deletion. It will be interesting to determine whether the phenotypes of chronic inhibition of autophagy are indeed secondary or tertiary effects of the kinds of defects in stem cell activation that we demonstrate here. It will also be interesting to examine the effects of inhibition of autophagy on later stages of SC activation, proliferation, and differentiation that we did not examine here.
Stem cells have unique metabolic hallmarks that characterize their quiescent, proliferative, and differentiated states (Folmes et al, 2012) . For example, quiescent HSCs, which have low mitochondrial content and oxidative activity, primarily generate ATP from glycolysis rather than oxidative phosphorylation (Piccoli et al, 2005; Lonergan et al, 2007; Simsek et al, 2010; Miharada et al, 2011) . Proliferating cells, on the other hand, have an increased demand for biogenesis and primarily use oxidative phosphorylation to generate ATP (Hsu & Qu, 2013) . As proliferating cells cycle, aerobic ATP production and oxidative phosphorylation fluctuate, increasing in G1 phase (Schieke et al, 2008) . In fact, without sufficient energy and metabolites, proliferating cells will arrest in G1 phase (Holley & Kiernan, 1974; Jones et al, 2005) . Stem cells activating out of a quiescent state have lower levels of mitochondria and lower oxidative capacity than proliferating progenitor cells (Hsu & Qu, 2013; Shyh-Chang et al, 2013) . We show that activating SCs have increased mitochondrial activity with a concomitant increase in ATP content relative to QSCs. Of course, these observations do not exclude the possibility that the increase in ATP was not a direct consequence of the increase in mitochondrial activity since increases in ATP content could result from metabolic processes unrelated to mitochondrial function, such as an increase in glycolytic flux that is decoupled from oxidative phosphorylation. However, our data are consistent with many others showing increased oxidative activity in proliferating progenitor cells relative to stem cells (Folmes et al, 2012; Hsu & Qu, 2013; Shyh-Chang et al, 2013) . Furthermore, our observations that inhibiting autophagy suppresses the increase in ATP content of activating SCs and delays their activation support the hypothesis that autophagy provides energy sources that are needed during activation from quiescence. We hypothesize that activation out of quiescence leads to a state of relative nutrient deprivation as cells face a tremendous increase in bioenergetic demand for all of the processes of growth, macromolecular synthesis, and organellogenesis. This state of nutrient-deprivation stress could be the signal that activates the SIRT1 pathway.
Notably, the fact that inhibition of autophagy delays, rather than prevents, cell cycle entry suggests that other processes may compensate for the bioenergetic insufficiency in autophagy-deficient SCs. Possibilities include glycolysis to generate additional ATP and pyruvate and fatty acid oxidation (FAO) to generate NADH, FADH2, and acetyl CoA (Carracedo et al, 2013; Hsu & Qu, 2013) . If QSCs have a substantial glycolytic reserve, then glycolytic flux may increase in response to the shortfall in energy during activation (Nicholls et al, 2010; Pelletier et al, 2014) . FAO, which can produce twice as much ATP as carbohydrate metabolism when normalized to dry mass (Carracedo et al, 2013) , has been shown to support HSC maintenance as well as promote ATP production in response to metabolically stressed cancer cells (Zaugg et al, 2011; Carracedo et al, 2012; Ito et al, 2012) . Furthermore, FAO can generate anaplerotic fuels that can feed into the TCA cycle as succinyl-CoA (Velez et al, 2013) . FAO could therefore be another potential source of energy for SC activation.
Cells have an intricate system of metabolic pathways and nutrient sensors to ensure that their bioenergetic needs are fulfilled (Shanware et al, 2013) . How these pathways trigger an autophagic response is not fully understood. Two pathways that have been shown to regulate autophagy in response to nutrient levels are the AMPK and mTOR pathways (Parzych & Klionsky, 2014) . mTOR can inhibit autophagy by disrupting the ULK1-ATG13-FIP200 complex that initiates autophagy (Ganley et al, 2009; Hosokawa et al, 2009; Jung et al, 2009) , while AMPK can activate autophagy directly through ULK1 or indirectly through the inhibition of the mTOR pathway (Inoki et al, 2003; Egan et al, 2011; Kim et al, 2011; Dunlop & Tee, 2013) . SIRT1, in turn, can negatively regulate the mTOR pathway and positively regulate AMPK (Lan et al, 2008; Ghosh et al, 2010; Kapahi et al, 2010; Takeda-Watanabe et al, 2012) . Our studies indicate that SIRT1, perhaps in relation to its role as a nutrient sensor, may be a mediator of the induction of autophagic flux during SC activation when nutrient demands are likely to be extremely high. Our findings that AMPK is hypophosphorylated in sirt1 À/À SC progeny while phospho-S6 and phospho-4E-BP1 remain unchanged suggest that SIRT1 signals through AMPK rather than the mTOR pathway to regulate autophagy in SC progeny. Previous studies have shown that SIRT1 induces autophagy in starvation or pathological conditions (Lee et al, 2008; Hariharan et al, 2010; Jeong et al, 2013) . Lee et al (2008) the deacetylation of those proteins. They also showed early perinatal lethality in sirt1 À/À animals that could be delayed by injections of an exogenous metabolite. In our studies, we show that sirt1 deletion phenocopies the inhibition of autophagy with respect to a delay in SC activation and a decrease in autophagic flux. In addition, we demonstrate a direct interaction between SIRT1 and ATG7 in SC progeny and hyperacetylated ATG7 levels in sirt1 À/À SC progeny relative to sirt1 +/+ SC progeny. We therefore corroborate the findings of Lee et al that SIRT1 can regulate components of the autophagic process (Lee et al, 2008) . Unlike the previous studies which used nutrient deprivation and induced neurotoxicity as stressors (Lee et al, 2008; Hariharan et al, 2010; Jeong et al, 2013) , we show that the induction of autophagy can be mediated, at least in part, by SIRT1 under conditions of normal nutrient availability. Our studies demonstrating that autophagy contributes to the metabolic adaptation that SCs undergo during activation add to the understanding of the importance of metabolic flexibility in stem cell fate determination. Stem cells adapt their energy usage and production via the manipulation of different metabolic pathways to support the changing bioenergetic needs during quiescence, proliferation, differentiation, or self-renewal (Folmes et al, 2012) . The studies reported here suggest that the activation out of quiescence is an example of a stem cell function that requires rapid and dramatic changes in the metabolic activity and that the induction of autophagic activity may be a critical component of those metabolic shifts. Autophagy may therefore be an additional general mechanism which confers on stem cells another degree of metabolic flexibility to respond to fluctuating bioenergetic demands.
Materials and Methods
Mouse strains
LC3-GFP transgenic mice and ATG5
fl/fl mice, in which exon 3 of atg5 is flanked by loxP sites, were obtained from the Riken BioResource Center Hara et al, 2006) . 
Mouse procedures
Mice at 8 weeks of age were injected intraperitoneally six times over the course of 3 weeks with 100 ll tamoxifen (SigmaAldrich) that was resuspended at 50 mg/ml in corn oil and ethanol. Mice were first anesthetized with isoflurane/O 2 mixture prior to injury. To study muscle regeneration in the tibialis anterior (TA) muscle, 50 ll of 1.2% BaCl 2 (w/v in ddH 2 O) was injected into one site in the TA. To generate ASCs, the same volume was injected into multiple areas in each lower limb. All procedures were approved by the Institutional Animal Care and Use Committee.
Satellite cell isolation
Injured and uninjured hindlimb muscles were dissected and digested into mononuclear cells as previously described Liu et al, 2013) . Briefly, hindlimb muscles were dissected and cut into small pieces with scissors. They were then digested in Ham's F10 medium with 10% horse serum (i.e., wash media) with collagenase II at 500 U/ml at 37°C for 1.5 h. The mixture was then washed and digested for an additional 30 min at 37°C in wash media with 100 U/ml collagenase II and 2 U/ml dispase. Finally, the mixture was triturated with a 20-gauge needle and washed. Myogenic cells were then isolated by fluorescenceactivated cell sorting (FACS) by negative selection with anti-CD31-FITC, anti-CD45-FITC, and anti-Sca-1-Pacific Blue antibodies (Biolegend). An anti-VCAM-biotin primary antibody and a streptavidin-PE-cy7 secondary antibody (Biolegend) were used for positive selection. The purity of the sorted cells, as determined by immunocytochemical staining with anti-Pax7 and anti-MyoD antibodies, was~98%.
SC progeny isolation
Hindlimb muscles were subjected to needle injury and harvested 2.5 days later. The muscles were digested and sorted as described for SC isolation above. FACS-sorted SC progeny were then plated in Ham's F-10 nutrient mixture with 10% horse serum (HS) onto 35-mm tissue culture dishes coated with extracellular matrix (Sigma) at a 1:500 dilution. The media was exchanged with Ham's F-10 with 20% fetal bovine serum (FBS) and 2.5 ng/ml fibroblast growth factor (FGF) (Peprotech) the next day and maintained for the subsequent 3-4 weeks to allow the proliferative expansion of the SC progeny. The purity of the culture, as determined by immunocytochemical staining with anti-Pax7 and anti-MyoD antibodies, was > 99%.
Single myofiber isolation
To isolate single myofibers (Rosenblatt et al, 1995) , extensor digitorum longus (EDL) muscles were dissected and digested in Ham's F-10 media with type II collagenase at 500 units/ml for 75 min at 37°C. The fibers were then dissociated and washed in Ham's F-10 with 10% HS five times and then plated in Ham's F-10 with 10% HS and 0.5% chick embryo extract (U.S. Biological). Half the media was exchanged with Ham's F-10 media with 20% FBS on each subsequent day in culture.
5-ethynyl-2 0 -deoxyuridine (EdU) incorporation assay
EdU was added to cell or fiber cultures at a final concentration of 10 lM. Detection was performed with the Click-iT EdU Imaging Kit (Life Technologies) according to manufacturer's protocol.
Quantitative polymerase chain reaction (qPCR)
The RNeasy Plus Micro Kit (Qiagen) was used for RNA extraction from SCs. Reverse transcription was performed with the High Capacity cDNA Reverse Transcription Kit (Life Technologies), and qPCR was performed with the LightCycler 480 Probe Master kit (Roche) and TaqMan probes (Life Technologies) in the LightCycler480 II System (Roche). Relative quantification of transcripts was calculated according to the DDC T method (Suda et al, 2011) .
Determination of autophagic flux
Autophagic flux was determined by the relative accumulation of LC3B-II by Western blot analysis or by the assessment of GFP punctae in SCs from LC3-GFP mice upon inhibition of autophagy by culturing with 20 lM CQ for 2 h (Mizushima et al, , 2010 Klionsky et al, 2008) . To analyze autophagic flux by quantifying punctae, myofibers or SCs from LC3-GFP mice were fixed as described below, and the punctae were counted.
MitoTracker staining
Hindlimb muscles were dissected and digested into mononuclear cells and stained with antibodies for satellite cell isolation by FACS as described above. They were then incubated with MitoTracker deep red FM (Life Technologies) at 37°C for 30 min. The cells were washed twice prior to analysis on the FACSAria II or III.
ATP quantification
ATP content of SCs was determined with the ATP Bioluminescence Assay Kit CLS II (Roche) according to manufacturer's recommendations.
Determination of cell volume
The forward scatter (FSC) of SCs was measured with either a FACSAria II or FACSAria III, and the cellular volumes were determined from a standard curve graphed from the FSC of standard microspheres from the Flow Cytometry Size Calibration Kit (Life Technologies).
Immunofluorescence
Isolated QSCs or ASCs, proliferating SC progeny, or single fibers with associated QSCs or ASCs were fixed in 2% paraformaldehyde (PFA) for 5 min at room temperature and washed in PBS with 0.1% Triton X-100. They were blocked with PBS with 0.1% Triton X-100 and 20% donkey serum for 1 h at room temperature and then incubated with primary antibodies overnight at 4°C. The cells or single fibers were then washed and incubated in Alexaconjugated species-specific secondary antibodies and 40,6-diamidino-2-phenylindole (DAPI) at room temperature for 1 h. The specimens were washed and mounted in mounting media (Electron Microscopy Sciences). For analysis of GFP punctae in fiber-associated SCs from LC3-GFP mice, fibers were fixed in 2% PFA for 5 min at room temperature, washed in PBS with 5% horse serum, and permeabilized in 50 lg/ml digitonin in PBS and 5% HS for 5 min at 37°C followed by quenching in 50 mM NH 4 Cl in PBS and 5% HS for 5 min at 37°C and washes in PBS and 5% HS. Incubations in primary antibodies were performed in 1× permeabilization buffer (eBioscience) and 10% donkey serum overnight at 4°C. The fibers were washed and incubated with secondary antibodies and DAPI in 1× permeabilization buffer and 10% donkey serum at room temperature for 1 h. Fibers were washed and EdU Click-IT assay was performed, if required. Fibers were washed and mounted in mounting media. For analysis of GFP punctae or LC3B immunoreactivity in isolated cells, the same procedure was performed as for fibers, except that washes were done with PBS. For immunostaining of muscle sections, TA muscles were fixed in 0.5% PFA for 5 h at room temperature, dehydrated in 20% sucrose in PBS, and frozen in Optimal Cutting Temperature mounting media (Sakura Finetek). Cryosections were collected, fixed in 2% PFA for 5 min at room temperature, and washed in PBS with 0.3% Triton X-100. The samples were blocked in PBS with 0.3% Triton X-100 and 20% donkey serum for at least 1 h at room temperature and then washed. Mouse primary antibodies were conjugated to secondary antibodies with the Zenon kit (Life Technologies) and incubated along with primary antibodies from other species with sections overnight at 4°C. Sections were washed, incubated in secondary antibodies for 1 h at room temperature, washed again, and mounted in mounting media. Primary antibodies were as follows: mouse anti-Pax7 (DSHB), mouse anti-MyoD (Dako), rabbit anti-LC3B (Cell Signaling), rabbit anti-GFP (Life Technologies), chick anti-GFP (Aves), and rat anti-Laminin (Sigma-Aldrich). Secondary antibodies used are conjugated to Alexa fluorescent dyes (Life Technologies).
Protein immunoprecipitation
SC progeny were harvested, washed in PBS, and lysed in RIPA lysis buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 5 mM EDTA; 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS) with 1× protease inhibitors (Roche), phosphatase inhibitors, and 5 lM trichostatin A (Sigma). Cells were incubated on ice for 30 min, and the lysate was passed through a 30-gauge needle. After the debris was removed by centrifugation, the lysate was pre-cleared with magnetic beads (Cell Signaling) at 4°C for at least 3 h. The beads were then removed, and the lysate was incubated with antibody overnight at 4°C. Magnetic beads were added to the lysate and incubated at 4°C for 2 h and at room temperature for 15 min. The beads were then washed 5 × 10 min with RIPA buffer. Protein was eluted from the beads with 3× SDS loading buffer, and Western analysis was performed. Antibodies were as follows: rabbit anti-acetylated lysine, rabbit anti-ATG7, and rabbit anti-ATG5 (Cell Signaling).
Statistical analysis
Quantitative analyses were performed on experiments done at least in triplicate and expressed as means AE standard error of mean (SEM). Statistical significance was determined with two-tailed Student's t-tests.
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